A project is currently underway to upgrade the Kitt Peak National Observatory (KPNO) Mosaic-1 Imager, an 8192 x 8192 pixel CCD array used on the Mayall 4-meter and WIYN 0.9-meter telescopes. Mosaic-1 has been a heavily subscribed instrument by the US astronomical community since it was commissioned more than a decade ago. In recent years, however, the reliability and efficiency of Mosaic-1 has declined due to aging and failing components. In addition, servicing has become more and more difficult as spare parts are used up, replacement parts become unavailable, and technical expertise for the out-dated controller technology diminishes. The Mosaic-1 upgrade project addresses these reliability and servicing concerns by replacing the CCDs with modern detectors and replacing the controllers with a MONSOON image acquisition system. The upgrade will also enhance the scientific productivity of the instrument through reduced read times, lower read noise, and improved quantum efficiency. We will describe the project status, the technical requirements related to the installation of new CCD detectors and MONSOON controllers, the configuration of the system, and integration of the system into the existing instrument and telescope environments.
INTRODUCTION
For more than a decade, the Mosaic-1 imager [1] has been a very popular instrument on the KPNO Mayall 4-meter and WIYN 0.9-meter telescopes. This wide-field optical imager has 8192 x 8192 pixels and has a 36' x 36' field-of-view on the 4-meter and 59' x 59' field of view on the 0.9-meter. Although each of the 8 CCDs in Mosaic-1 have 2 amplifiers not all of the amplifiers are functional, therefore faster readout times using 2-amp mode was not utilized.
Mosaic-1 underwent commissioning during the summer of 1997 with an upgrade from engineering-grade thick Loral CCDs to science-grade thinned SITe CCDs [2] in June 1998. Twelve years later it is still consistently oversubscribed at a ratio of about 2.5 and remains the most requested instrument on the Mayall 4-meter telescope. The last decade has seen an average of 13 publications per year, using data taken with Mosaic-1, with well over 700 citations.
With its wide field-of-view and large suite of filters Mosaic-1 can produce spectacular images. These images can be seen in countless posters, magazines, web sites and books with approximately 20 having been used as the Astronomy Picture of the Day. One such image of the Rosette Nebula taken with Mosaic-1 at the WIYN 0.9-meter telescope is shown in figure 1 .
The project to upgrade the Mosaic-1 Imager was made possible, in large part, by a supplemental funding award from the NSF for ReSTAR implementation and is being carried out collaboratively by the NOAO System Instrumentation Group and KPNO. The primary motivations for the upgrade are to replace the aging CCD Array Controllers (ArCon) with modern controllers for improved reliability and serviceability and to replace the CCD detectors to improve observing efficiency (faster readout times) and performance (quantum efficiency and read noise). Both the controllers and detectors must be replaced to achieve the desired gains in performance and efficiency. In addition to these objectives, the project must meet the requirements of not degrading imaging performance in any way, the instrument must use the same mechanical interface and ancillary equipment (filters, corrector, ADC, etc.), and the resulting data files must be compatible with the existing NOAO science data archive. Since the ArCon controllers were developed more than 20 years ago the technical expertise to maintain them has diminished significantly, many of the components used in the design are no longer available, and a depleted spare parts inventory that has resulted from many years of service make the ArCon controllers very difficult to support today. In recent years the situation has been exacerbated due to an increase in the number and complexity of failures and this has adversely impacted the reliability and efficiency of the instrument. This project will replace the ArCon controllers with a new generation controller, called MONSOON [3] , developed at NOAO for large focal plane arrays and implemented on many active instruments. The MONSOON controllers also require a new software interface, and this project will incorporate a version of an observing and control software interface [4] developed at NOAO for the NEWFIRM [5] instrument. There are two options for MONSOON controllers. Initially the Mosaic imager will be upgraded with the "Orange" MONSOON controller, a first generation IR/CCD controller that is in use today on many instruments. The second is a new generation MONSOON controller, called Torrent [6] , that is currently in development and will be available by the end of 2010. The Torrent controllers are designed for low power, ease of configuration, and use readily available components. Due to their compact size and low power operation, the Torrent controllers are more suitable for the Mosaic upgrade application and thus will be installed on the instrument once they are available.
To realize the full benefit of a new modern CCD controller that operates at higher pixel rates, the project also involves the replacement of the CCD detectors with modern sensors. The new detectors selected for the upgrade are CCD44-82 2K x 4K pixel format devices fabricated by e2v Technologies [7] and will be arranged in an 8K x 8K array that is nearly identical to the existing focal plane. This detector format was chosen to minimize the impact on science images, such as changes in the field of view and gaps between detectors. The new detectors will have increased sensitivity for improved read noise, higher frequency operation for reduced readout times, and better quantum efficiency. These improvements in detector performance will reduce both exposure times and readout times and thus the science data volume is expected to increase significantly. The overhead associated with the readout time of the instrument will be improved by a factor of eight and this will translate to an improvement of 17% in the overall efficiency of the instrument for typical 10-minute exposures.
PROJECT TIMELINE AND STATUS
The major work breakdown elements of the upgrade Project and current timelines are summarized in the Gantt chart shown in Figure 2 . The design review milestones have been achieved with the preliminary design review held in January 2010 and a series of final design reviews, for the electrical interface, the mechanical design, and the commissioning plan completed during April and May 2010. The detector system design is complete and all the major components have been fabricated and/or purchased. The CCD detectors were received from e2v Technologies in April 2010 and are currently being tested using a Universal KPNO Dewar that was modified to hold two e2v devices at a time (see figure 3 ). The MONSOON "Orange" controller system that will be used initially for the Mosaic upgrade is complete and is being used for the lab testing efforts (see figure 4) . The majority of mechanical components from the existing Mosaic Dewar assembly will be re-used for the upgrade. Some mechanical engineering and design for a few new and modified components was necessary and is now complete. A new chip mount was designed for mounting the eight e2v detectors, the connector vacuum feed-thru configuration was changed to accommodate the new electrical interface, and new mounting brackets were needed for the MONSOON controllers, but otherwise the Mosaic Dewar will remain the same. Fabrication of the new mechanical parts is currently underway and the Mosaic Dewar rework will begin immediately after the instrument is decommissioned on June 10, 2010.
The software development effort is well underway. The computers for Mosaic have been purchased and are currently being used for software development, CCD testing, and verification of interfaces to existing Mosaic equipment. See figure 5. Mosaic-1 will be taken out of service in mid-June 2010 to exploit the summer months for making the upgrades. The installation of the new detectors and controllers, and implementation of the software is expected to take about two months. The system integration and testing will occur in Tucson during the month of September, before the instrument is returned to Kitt Peak for commissioning in October 2010. Upon successful commissioning, the instrument will be released for shared-risk observing at the end of October for the remainder of schedule 2010B.
SELECTION OF CCDS AND AR COATINGS
Many commercial CCDs and various coatings were available for us to choose from for the Mosaic-1 upgrade. Our CCD choice was driven by balancing the best overall CCD performance, required to meet or beat the current SITe devices, our budget for the project, and the CCD delivery schedule. Fairchild Imaging [8] and e2v Technologies became our two prime detector candidates as they met our budget and delivery criteria while others did not.
The specific properties of the CCDs, such as pixel size (to give a well sampled plate scale at the telescope focal plane), noise properties, and cosmetics were considered in the selection process. Both the Fairchild and e2v CCDs had 15 µm pixels the same as the current SITe devices. Similarly, both devices met or exceeded the readnoise, CTE, full well capacity, and linearity performance of the older SITe devices. Thus, these performance specifications were not a major factor in the selection of replacement detectors for the Mosaic imager.
Since the Mosaic-1 camera works as an imaging application with a mosaic of detectors, cosmetics were not a large concern because one would normally dither over a field of view during the observing process. Thus as long as the defects are spread over the device, that is, not clustered or adjacent in large numbers, then the dithering process should effectively remove them. The cosmetic specifications for grade 1 devices from Fairchild and e2v were examined, but making direct comparisons was difficult because the measurement criteria are not consistent between the manufacturers. In either case, the cosmetic specifications were acceptable.
The Fairchild CCD486 4Kx4K image sensor offered a reasonably low-cost option that had the advantage of allowing a spare CCD to be purchased within our budget. However, the CCD did not meet the requirement of out-performing the current SITe devices (in QE). In addition, we had difficulty finding accurate mechanical information on the buttable packages and thus felt that optimizing the mosaic focal plate design was a risk item.
The e2v CCD231-84 4Kx4K CCDs with silicon carbide packages, and the CCD44-82 2Kx4K CCDs were both attractive as they met all our requirements. The choice of using four CCD231-84 devices instead of eight CCD44-82 devices seemed a simpler implementation scheme, but the gaps between the 4Kx4K CCDs, when mounted in the focal plane, were deemed too large to be acceptable. Figure 6 shows two possible mounting schemes for the e2v 4Kx4K devices. If the devices were installed with the same vertical orientation, there would be an asymmetrical gap width of 500 pixels in the horizontal direction and 117 pixels in the vertical direction. If, however, every other device were rotated 90°, there would be an asymmetrical gap alignment at the intersection, but the width would be smaller, being 309 pixels in both horizontal and vertical directions. In comparison, the existing Mosaic focal plane with SITe devices has 50 pixel gaps. The e2v CCD44-82 2Kx4K format with 40 µm "deep depletion" EPI became the device of choice, mounted in a 3-side buttable package that would allow small gaps between the devices and thus the best fill of the telescope focal plane.
Additional advantages of the 2Kx4K devices over the 4Kx4K were 1) less area loss if there is a detector failure 2) the format is nearly identical to the current Mosaic-1 camera allowing ease of transition for observers and software 3) internal Dewar wiring and cold plate design is simpler 4) the laboratory testing of each device prior to installation in the Mosaic-1 camera is easier as the 2Kx4K devices fit, two at a time, in the NOAO test Dewar. Figure 7 shows a comparison of the existing focal plane to the e2v CCD44-82 focal plane. Once the selection of the e2v 2Kx4K devices was finalized, we began to look at the possible coating choices available. A number of standard as well as customized coating choices were available from e2v but we limited our decision to two available coatings; 2-layer and midband. Redward of 700 nm, the two coatings are essentially the same but blueward of this wavelength they differ significantly. Both coatings essentially meet or exceed the current Mosaic-1 QE values but the 2-layer coating has the advantage over the mid-band by 5-10% (in the U, B filters) at the expense of being slightly lower than the current detectors in the V and R bands. Both coating choices are superior to the present SITe CCDs in I and redder bandpasses. To help make the decision of which coating choice to use, we solicited comments from several NOAO Mosaic-1 users, several community Mosaic-1 users, and the Kitt Peak Users Committee. In the end, the majority opinion was that the 2-layer coating would be the best choice as it provided equal red response and increased blue response. Figure 8 shows the manufacturers QE curves for the devices delivered to us along with a typical QE curve for the current Mosaic-1 SITe CCDs. The first implementation of the MONSOON controller, codenamed "Orange", was built on the CPCI backplane, leading to a 6U card size with 5 connectors on the backplane, of which two are dedicated (predefined and bussed, though the names of the signals were modified) and the other three can be used for user defined signals. This allowed flexibility in the hardware configuration of any detector system whether controlling one detector or several.
MONSOON CONTROLLERS
The main boards used in the Orange system are the Master Control Board (MCB), the Clock and Bias Board (CBB) the InfraRed Acquisition board (IRAcq) and the CCD Acquisition board (CCDAcq). This complement of boards has allowed the implementation of many controller systems for instruments ranging from single IR detectors with 16 outputs to NEWFIRM with 4 Orion detectors (with 256 outputs) and CCD instruments with a single CCD and one output to QUOTA [9] with four 8-output Orthogonal Transfer CCDs yielding 32 outputs. The initial upgrade of the Mosaic-1 imager will use one MCB, three CBB's and two CCD Acq boards fitted to a six slot backplane chassis.
In the years since the Orange design was implemented, it became evident that there was a need for a new controller hardware system that could be used to replace the many aging controllers at NOAO that operate single chips or small arrays and do not require the complexity and expandability of the Orange controllers. Thus, a new project, codenamed "Torrent", was launched to develop a controller system that is optimized for single CCD and small mosaics with up to 8 amplifiers, and eventually for a 32 input IR systems as well. The Torrent controller builds on the MONSOON paradigm allowing it to use the same communication links, computers and software as the Orange systems. Additionally, the Torrent systems will have EEPROMs installed on each of the sub-modules to allow all calibration and configuration information to be stored in the system. Because the controller hardware carries the calibration with it, swapping in spares is very easy since the hardware is the same for all controllers and the software auto-configures the system. The Torrent controller includes two main components as shown in Figure 9 ; the controller is the section on the left and the Transition Module (TSM) is the section on the right. Together these sections make up the Data Head Electronics (DHE) and contain all the electronics necessary to operate a detector system. The TSM is unique to the Dewar it is installed on (as well as the detectors installed in it) and is customized for that specific application. The controller will come in two universal versions, one will be common to all CCD systems, either N or P channel, and the other will be common to all IR applications. The different controller versions are keyed with connectors to prevent CCD and IR controllers from being interchanged inadvertently. Thus, a single Torrent controller can be used as a spare for multiple CCD systems. Figure 9 . The Torrent detector head electronics (DHE) assembly is composed of a controller, the section on the left, and a transition module, the section on the right. The power supply is located in the bottom portion of the controller section and cannot be seen in this image. Some components and interconnecting flex cables are missing from the assembly.
For the Mosaic-1 upgrade, the MONSOON Orange controller architecture will be implemented first allowing maximum flexibility with a single 6-slot chassis and power supply replacing the four ArCons. This implementation will dissipate more power than the current ArCons, but this is temporary until the Torrent controllers are implemented in summer 2011. With Torrent controllers the power dissipation at the instrument will be less than 50 Watts total, less than half of what it is with the ArCon controllers. Due to the backward compatibility of Torrent and Orange, the software, sequencer and all the voltage and clock settings will be re-usable when the controllers are updated. In addition, Mosaic will benefit from the self-configuration capability of the Torrent controllers.
MECHANICAL DESIGN
Since Mosaic-1 is an existing instrument, one of the requirements of the project is to implement the upgrades in a way that minimizes the impact on operations (availability of the instrument) and minimizes risk to the instrument. Due to a limited budget and a short timeline, the project eliminated the option of building an entirely new Dewar and, instead, will re-use much of the existing instrument for the upgrade. The mechanical design involved two primary components; design a new chip mount and electrical interface for the e2v detectors, and design mounting supports for the MONSOON controllers.
The design of the mounting schemes for the MONSOON controllers (Orange and Torrent) have to meet the requirements that they do not introduce any mechanical interferences during instrument changes, that there is adequate service accessibility while the instrument is installed on the telescope, and the conversion from Orange to Torrent controllers must not require further mechanical modifications at a later time. Figure 10 shows the different configurations for mounting the CCD controllers on the instrument to meet the requirements. Prior to installing the Torrent controllers, the interim MONSOON Orange controller will use cables to connect to the vacuum feed-thru connectors that are designed for direct coupling of the Torrent controllers. The Mosaic-1 chip mount design required considerable changes to accommodate the e2v detectors that utilize a mounting scheme that is very different than the SITe devices. The SITe devices require a shim to be placed underneath them for mounting and adjusting positional tolerances. Alternatively, the e2v devices use three precision mounting posts along with two guide pins for mounting and achieving positional tolerance. The SITe devices have the electrical connector on the end of the device with wires connecting above and parallel to the focal plate. The e2v detectors have the PGA-type connectors on the back of the device requiring the wires to connect from behind and perpendicular to the chip mount plate. To accommodate these differences, while keeping the existing kinematic chip mount support, required the e2v chip mount to have many extra holes cut in it, including two very large "windows" to allow access to the connectors (see figure 11) . The outside dimensions of the chip mount were increased to maintain the same surface area for coupling to the cold plate mounted to the back of the chip mount. This added area was used to incorporate surface mounted heaters and thermal cut-offs in the new design.
SITe CCDs e2v CCDs Figure 11 . Comparison of the SITe chip mount and the e2v chip mount. The SITe detectors have wires connecting to the top and bottom ends of the devices in this diagram, while the e2v devices have wires connecting from the back through the large rectangular holes cut in the chip mount. The increased size of the e2v chip mount was needed to achieve the same surface area for thermal contact with the cold plate.
The thermal cooling system for Mosaic incorporates a radiative coupled cold plate that is mounted to the back of the chip mount. Since the wires also come off the back of the chip mount there needed to be wire channels cut into the back of the plate to allow the wiring to be routed between the chip mount and the cold plate ( figure 12 ).
Wire channels
Wire channels PGA Connectors Figure 12 . The back side of the e2v chip mount showing the "windows" for access to the PGA connectors (purple color) and the channels for wire routing between the chip mount and the thermal cold plate that attaches to the back of the chip mount.
One of the requirements of the project was that the focal surface had to remain in the same physical position as the current focal plane. This requirement constrained the location of the surface of the devices. Since the existing LN2 tank and thermal coupling system is being reused, that constrained the location of the back of the focal plate. The e2v detectors have a height dimension (from the mounting surface to the imaging surface) that is roughly 4 mm taller than the SITe devices, and because of the positioning constraints our only option to accommodate the added height was to reduce the thickness of the chip mount plate. Another requirement is that the focal plane must maintain a flatness of +/-40 µm. To ensure that the reduced thickness of the chip mount, along with the addition of the PGA connector windows and wire channels, a gravity flexure analysis was performed for a worst-case scenario. The results are shown in figure  13 . In this analysis, the full weight of the cold plate (1.6 kg), attached to the back of the back of the chip mount acting solely at the center mounting hole, along with the detectors (150 grams each) was assumed and no stiffening benefit from them was included. Under these conditions the total gravity flexure was 4.6 µm and well within the error budget for the overall flatness requirement of +/-40 µm.
Max detector array translation in Z: 4.6 micron (0.000181 in) Figure 13 . FEA analysis showing a worst-case scenario for the gravity flexure effect of the new chip mount assembly. The max deflection of 4.6 µm is well within the +/-40 µm focal plane flatness requirements.
SOFTWARE INTERFACE
The NOAO Observation Control System (NOCS) software [10] was originally designed for use with NEWFIRM but has an "observation"-centric data acquisition paradigm where higher-level software combines variations on the message sequence to achieve well-defined science recipes.
Inherent in the NOCS paradigm is scripting, preferred over other methods of data acquisition, especially for survey instruments that can take lengthy sequences of images for mapping large areas of the sky. For the observer, a modest utility (NGUI) is provided with which they can prepare observing sequences (recipes/scripts) in advance or at the telescope. To execute a given observation, they run the script with no further command line parameters. Each script is self-contained, self-documented and (usually) contains multiple observations to achieve a particular science objective. NGUI is written entirely in Tcl/tk.
The NOCS knows nothing about the type of data it is taking so re-using the software from an infrared camera with an optical imager presents no problem. Further, it is attractive to do so because the NOCS has several years of telescope time under its belt and is well understood by support staff. In recent months, the NOCS has also been selected as the platform of choice for the NOAO KOSMOS [11] Project, and NEWFIRM itself has been shipped to Chile for operation on the CTIO Blanco 4-m telescope [12] . Therefore, there is demonstrable expertise in handling the interface at several telescopes on multiple sites.
The architecture diagram of the NOCS is shown in Figure 14 for when MOSAIC is upgraded to Torrent controllers. For the first year, MOSAIC will use a MONSOON controller and so does not require the second PAN or DHS machine.
